A defi ning characteristic of COPD is expiratory airfl ow limitation due to intrinsic remodeling of the small airways and their dynamic collapse during forced exhalation. 1 In a normal lung, infl ation results in a predictable increase in airway caliber because of the interdependence of parenchyma and airways (the relative change in airway diameter is linearly related with the cube root of lung volume). 2 Emphysema alters this relationship by disrupting airway-parenchymal interdependence. Early work in small animals demonstrated that methacholine-induced bronchoconstriction was increased in elastase models of emphysema, 3 suggesting that the bronchoconstrictive effect of airway smooth muscle activation is opposed by the Background: An increase in airway caliber (airway distensibility) with lung infl ation is attenuated in COPD. Furthermore, some subjects have a decrease in airway caliber with lung infl ation. We aimed to test the hypothesis that airway caliber increases are lower in subjects with emphysemapredominant (EP) compared with airway-predominant (AP) CT scan subtypes. Additionally, we compared clinical and CT scan features of subjects with (airway constrictors) and without a decrease in airway caliber. Methods: Based on GOLD (Global Initiative for Chronic Obstructive Lung Disease) stages and CT scan subtypes, we created a control group (n 5 46) and the following matched COPD groups (n 5 23 each): GOLD-2-AP, GOLD-2-EP, GOLD-4-AP, and GOLD-4-EP. From the CT scans of all 138 subjects, we measured emphysema, lung volumes, and caliber changes in the third and fourth airway generations of two bronchi. We expressed airway distensibility (ratio of airway lumen diameter change to lung volume change from end tidal breathing to full inspiration) as a global or lobar measure based on normalization by whole-lung or lobar volume changes. Results: Global distensibility in the third and fourth airway generations was signifi cantly lower in the GOLD-2-EP and GOLD-4-EP groups than in control subjects. In GOLD-2 subjects, lobar distensibility of the right-upper-lobe fourth airway generation was signifi cantly lower in those with EP than in those with AP. In multivariate analysis, emphysema was an independent determinant of global and lobar airway distensibility. Compared with nonconstrictors, airway constrictors experienced more dyspnea, were more hyperinfl ated, and had a higher percentage of emphysema. Conclusions: Distensibility of large-to medium-sized airways is reduced in subjects with an EP CT scan subtype. Emphysema seems to alter airway-parenchyma interdependence. 737 also sought to describe clinical and CT scan features of subjects who experienced this decrease in airway caliber. Finally, because emphysema may be unevenly distributed throughout the lungs, we also reasoned that the ability of the airways to dilate may vary according to regional emphysema severity. Better understanding of both emphysema and airway behavior at a regional level may help with understanding structure-function relationships and their heterogeneity. To carry out this investigation, we used data from the COPDGene Study, 13 which included volumetric chest CT scans performed at relaxed exhalation and full infl ation.
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Materials and Methods
Further details of this section are provided in e-Appendix 1.
Study Population
We selected subjects from the COPDGene 13 (www.copdgene. org) study based on GOLD (Global Initiative for Chronic Obstructive Lung Disease) stages 14 and CT scan subtypes (AP or EP if percent emphysema on CT scan was , 13% or Ն 25%, respectively) 9 to create a control group (n 5 46) and the following four matched COPD groups (n 5 23 each): GOLD-2-AP, GOLD-2-EP, GOLD-4-AP, and GOLD-4-EP. COPDGene subjects were evaluated in one to two visits, with questionnaires and pulmonary function tests usually done before scanning. Based on prior data showing an association between airway distensibility measured by forced oscillation technique and emphysema after bronchodilation with albuterol, 15 we analyzed data in a subset of 73 subjects who had CT imaging performed within 3 h of albuterol inhalation. We called this group the postbronchodilator cohort. COPDGene was approved by the institutional review board at each participating center, and all subjects provided written informed consent. The current analysis was approved by the Partners HealthCare Research Committee (2007P-000554).
Clinical and Physiologic Assessments
Demographic and clinical history data, including dyspnea, spirometry, and 6-min walk test, were collected with standardized instruments. 16, 17 
Airway Distensibility
We expressed airway distensibility as the ratio of absolute change in airway inner diameter to the cube root of absolute change in lung volume from relaxed exhalation to full infl ation, based on Wilson et al. 2 We calculated this ratio with whole-lung and lobar CT scan measures of volume to obtain global and lobar airway distensibility. A higher ratio is consistent with greater airway distensibility.
CT Scan Examination
All subjects underwent volumetric CT scanning without IV contrast in the supine position at the end of both full inspiration and relaxed exhalation (herein referred to as end tidal breathing). Subjects were given standardized, verbal instructions to take a deep breath and then to exhale in a relaxed manner. Image acquisition parameters by scanner are described in e- Table 1. radial traction of the surrounding parenchyma. Scichilone et al 4 since have substantiated this observation in lung tissue from subjects with COPD. They showed that the loss of alveolar attachments to airway walls is associated with a decrease in bronchodilatory response to deep inspiration. These data suggest that the burden and possibly the distribution of emphysema in subjects with COPD may infl uence airway dilation during lung infl ation.
CT scanning is a useful tool to assess airway caliber changes. 5, 6 Furthermore, CT scanning is a recognized technique to assess the presence, extent, and location (ie, lobar level) of emphysema. 7 CT scan can be used to classify subjects with COPD into emphysemapredominant (EP) or airway-predominant (AP) subtypes. 8, 9 For the present investigation, we assumed that parenchymal destruction and disruption of normal tissue interdependence is represented by the EP subtype, whereas intrinsic narrowing of the airways due to infl ammation and fi brosis is represented by the AP subtype. We then used these CT scan subtypes to evaluate the effect of structural changes of the lung parenchyma on the ability of the airways to dilate with lung infl ation. It is known that the ability of the airways to dilate is attenuated in more severe stages of COPD. 10, 11 We hypothesized that within a given disease stage, we would observe less dilation of the airways in the EP subtype than in the AP subtype. We refer to the airway caliber change with lung infl ation as airway distensibility. More extreme than reduced airway distensibility are airways that paradoxically narrow in lumen size with infl ation. 12 We Emphysema was the primary predictor of interest; other covariates were chosen on the basis of previous data. [22] [23] [24] Finally, this multivariate analysis was repeated in the postbronchodilator cohort.
Results

Population Description
Baseline characteristics and CT scan data by study group are shown in Table 1 . Respiratory medications, CT scan lobar data, and the distribution of airway inner diameter sizes at full inspiration by group are shown in e- Table 2, e-Table 3 , and e- Figure 1 , respectively. Compared with control subjects, the dyspnea score was signifi cantly higher for each COPD group. As expected, FRC % predicted, TLC % predicted, and emphysema were signifi cantly higher in both the GOLD-2-EP and the GOLD-4-EP groups than in the control subjects. The 6-min walk test only was lower in the GOLD-4 groups than in the control subjects.
Airway Distensibility by Groups
Global airway distensibility across groups is shown in Figure 2 . Compared with control subjects, there was a signifi cant decrease in global airway distensibility of the third and fourth AG in both GOLD-2-EP and GOLD-4-EP groups. For a given GOLD stage, global airway distensibility in the third and fourth AG tended to be lower in EP than in AP subjects, but this relationship did not reach statistical significance. Comparable results were obtained when we used predicted values of FRC and TLC instead measured values (e- Figure 2) .
Lobar airway distensibility across groups is shown in Figure 3 . Compared with control subjects, RUL airway distensibility in the fourth AG was signifi cantly lower in both EP groups ( Fig 3A ) . Among the subjects in the GOLD-2 groups, lobar airway distensibility in the fourth AG was lower in EP than in AP subjects (mean Ϯ SEM, 0.14 Ϯ 0.02 vs 0.26 Ϯ 0.02; P 5 .03) ( Fig 3A ) . In contrast, in the RLL, there were no signifi cant differences between groups in airway distensibility except in the third AG, where distensibility was lower in the GOLD-4-AP group than in the control subjects ( Fig 3B ) .
In addition to the analysis provided in earlier fi gures, we sought to further depict the potential infl uence of both end tidal and full infl ation lung volume on static airway diameter. In Figure 4 , we provide ratios for airway diameter at end tidal and full infl ation divided by the cube root of lung volume at these expiratory and inspiratory points, respectively. Although there was no statistically signifi cant difference in this ratio at end tidal lung volume, subjects with more severe disease (higher GOLD stage) had
CT Scan Airway Analysis
Airway analysis was performed with Airway Inspector (www. airwayinspector.org). 18 The third and fourth airway generations (AGs) of the right-upper-lobe (RUL) apical bronchus and the right-lower-lobe (RLL) posterior basal bronchus were identifi ed, matched, and measured on paired inspiratory (at full inspiration) and expiratory (at end tidal breathing) CT scans ( Fig 1 ) . In each AG, lumen radius (Ri), lumen area (Ai), and total area (Ao) were measured at three locations and averaged. Lumen diameter ( 5 Ri 3 2) and wall area (WA) % (WA% 5 ([(Ao 2 Ai)/Ao)] 3 100 ) were calculated. An airway constrictor (AC) was defi ned as a subject who had a decrease or lack of increase in airway lumen diameter from end tidal breathing to full inspiration in at least one AG in the RUL or RLL. 12 
CT Scan Measures of Lung Volumes and Emphysema
Quantitative measures of lung volume and emphysema for the whole lung were performed using Airway Inspector software. 19 The total volume of the lung at suspended full inspiration and expiration was measured and expressed as total lung capacity (TLC) % predicted and functional residual capacity (FRC) % predicted. 20 Whole-lung emphysema on CT scan (hereafter referred to as emphysema) was calculated as the percentage of voxels with attenuation area , 2 950 Hounsfi eld units on inspiratory CT scans. 21 
Statistical Analysis
Analyses were performed using SAS version 9.2 (SAS Institute, Inc) statistical software. Airway distensibility across groups was compared using analysis of variance with adjustment for multiple comparisons. Clinical and CT scan data were compared between ACs and non-ACs using parametric tests. Pairwise correlation and linear regression analysis were used to assess the relationship between global or lobar airway distensibility and emphysema. Multivariate linear regression was performed to examine determinants of distensibility in the fourth AG. This outcome was chosen because correlation between the fourth AG and emphysema was higher than between the third AG and emphysema. 
Relationships Between Airway Distensibility and Emphysema
There was a signifi cant inverse association between global airway distensibility and whole-lung emphysema (third AG, r 5 2 0.28; P 5 .001; fourth AG, r 5 2 0.40; P , .0001). Results were similar at lobar level (e- Table 4 ). The association between distensibility of the fourth AG and emphysema remained signifi cant after adjustment for age, male sex, BMI, and pack-years of smoking ( Table 2 ). In this model, BMI also was associated with global fourth AG distensibility ( b 5 0.01, P 5 .02) and with lobar airway distensibility in the RLL ( b 5 0.02, P 5 .002) but not in the RUL ( P 5 .17). WA% of the fourth AG at end tidal breathing was directly associated with airway distensibility. Multivariate regression results were comparable in the postbronchodilator group (e- Table 5 ). We also explored the determinants of lobar airway distensibility in the fourth AG for the RUL and RLL using the lobar measures of volume and emphysema. In these models, emphysema was the determinant of distensibility in the RUL and WA% in the RLL ( Table 2 ). These analyses in the postbronchodilator group showed diminished airway diameter-to-lung volume ratio at full infl ation.
To evaluate whether the change in airway caliber depended on hyperinfl ation, we divided the entire cohort into three groups as follows: control, nonhyperinfl ated, and hyperinfl ated. The presence of hyperinfl ation was defi ned as a TLC . 120% predicted. 25 constriction with lung infl ation was common and that these ACs had distinct clinical and CT scan features compared with non-ACs.
Airway Distensibility Across Groups
We observed that airway distensibility tended to be diminished in more severe disease and in the EP disease. As published previously, we believe that this decrease in distensibility is due to a combination of intrinsic remodeling of the airway walls and progressive parenchymal destruction. 11, 15 We extended this knowledge by demonstrating that the association between emphysema and global airway distensibility remained after adjustment for relevant covariates, such age and sex. We believe that this adjustment is important because studies have shown differences in airway diameter changes with lung infl ation by sex and age in healthy lungs 24 and by age in diseased lungs. 23 We also observed that airway distensibility varied by lobe. Airway caliber changes tended to be higher in the RLL than in the RUL regardless of AG and study group. We also found differences in distensibility in the fourth AG of the RUL between the two CT scan subtypes in subjects with moderate and very severe airfl ow obstruction ( Fig 3A ) . There were not, however, similar differences between CT scan subtypes in the RLL, where there was less emphysema at all GOLD stages (e- Table 1 ). Prior studies have found that emphysema affects the upper-lung zones more severely than the lower ones. 26, 27 Although part of the present observation may be attributed to lesser degrees of emphysema in the lower lobes, there also may be differences between the two lobes in the proximity of emphysematous destruction to the measured airways. similar results for the RUL airway distensibility, but the association between WA% and distensibility did not reach signifi cance in the RLL (e- Table 5 ).
ACs vs non-ACs
Twenty-three percent of subjects in the entire cohort were ACs. In each group, the percentage of ACs was as follows: control, 7%; GOLD-2-AP, 22%; GOLD-2-EP, 30%; GOLD-4-AP, 39%; and GOLD-4-EP, 35%. A comparison of demographic, clinical, physiologic, and CT scan emphysema data between ACs and non-ACs is shown in Table 3 .
Discussion
In the present study, we found that the change in airway caliber from end tidal breathing to full inspiration was lower in subjects with moderate or severe EP vs AP COPD. Additionally, we found that airway distensibility remained inversely associated with the extent of emphysema after adjusting for relevant covariates. Finally, we found that paradoxical airway and the airway wall. We observed signifi cant decrements in airway distensibility of GOLD-2-AP and GOLD-4-AP subjects compared with control subjects with similar amounts of emphysema ( Fig 2 ) . Although this may in part indicate that CT scan is not a sensitive measure of the parenchymal properties of emphysema, it may suggest that wall structure (wall thickening, fi brosis, stiffening of noncontractile elements such as collagen, and reduced tidal stretching of airway smooth muscle) also determines airway caliber at full infl ation. WA% at end tidal breathing was directly associated with airway distensibility. Although WA% of the surveyed airways at end tidal breathing may not be a direct refl ection of mural remodeling, we believe that a thicker airway wall may indicate compacted mural tissue at low lung volume. The more compacted or excess tissue evident in the airway wall at end tidal breathing, the more potential to dilate with lung infl ation. Alternatively, as other authors have suggested, a thicker airway may be protective against early airway collapse and hyperinfl ation. 22 Further investigation regarding this observation is needed.
An interesting fi nding in the present study was the observed association between BMI and airway distensibility, suggesting that subjects with greater body size had more distensible airways. The effect of BMI on airway distensibility is independent of emphysema, age, sex, and pack-years of smoking. One explanation for this association may be the effect of BMI on lung volume. Previous research has suggested that there is a relationship between transmural pressure and airway caliber. 28 At high pressures (or presumably high lung volumes), airway distensibility decreases. It is possible that the present fi ndings are due to reduced end tidal and maximal infl ation volumes on CT scan because of increased BMI. A subject with a greater BMI may start at a lower lung volume and then maximally infl ate to a volume that is still within the linear range of airway distension. In comparison, a subject with lower BMI may start at a higher end tidal volume and then maximally Hyperinfl ation appears to reduce airway caliber. Data supporting this effect can be seen in Figure 5 , where the lowest airway caliber was observed among subjects with the most hyperinfl ated lungs. Clinically, hyperinfl ation has been suggested as one of the potential mechanisms explaining the impaired bronchodilatory effect of deep inspiration in patients with asthma. 22 Unlike patients with asthma, subjects with COPD may have both intrinsic airway disease and reduced lung elastic recoil. Without knowledge of transpulmonary pressure in the present study, it is diffi cult to ascertain the relative contribution of the latter to airway caliber.
Airway wall properties also play a role in airway distensibility in COPD. In fact, Baldi et al 15 demonstrated the relationship between emphysema and distensibility only after albuterol administration. Similarly, we validated this association in the postbronchodilator cohort (e- Table 3 ). If we assume that the airway tone is removed in this subset of subjects, the changes in airway caliber with lung infl ation would be determined by properties of both the parenchyma Figure 5 . Airway lumen diameters (mean Ϯ SEM) of the fourth airway generation at full inspiration for control subjects and subjects with COPD with and without hyperinfl ation. Total lung capacity % predicted was 92%, 99%, and 131% for control, nonhyperinfl ated, and hyperinfl ated groups, respectively. There was a signifi cant trend toward lower airway diameter with increasing total lung capacity % predicted. * P , .001 vs control subjects. Models were adjusted for age, sex, BMI, and pack-years of smoking. R 2 was 0.32, 0.27, and 0.24 for models 1, 2, and 3, respectively. RLL 5 right lower lobe; RUL 5 right upper lobe. See Table 1 for expansion of other abbreviations.
brand, there is center-to-center and scanner-to-scanner variability in CT scan measures of the disease. Second, in order to have adequate sample sizes per group, we included subjects with different spirometry-CT scan sequences because the test order was not standardized. Thus, airway distensibility measures were taken from subjects who may or may not have had preceding treatment with albuterol. However, the fi ndings were replicated in a postbronchodilator cohort. Third, it is known that variability in inspiration level affects CT scan measures of volumes and emphysema. To reduce this potential source of variability, standardized, verbal instructions were given to each subject during CT scan acquisition. Finally, we selected proximal AGs based on an anatomic approach, and consequently, the analysis was based on generations rather than on grouping the airways by sizes. Although this approach limits comparison with prior studies, it may control for the effect of airway location on airway-parenchyma interdependence.
Conclusions
The results demonstrate that COPD airway distensibility is lower in subjects with an EP CT scan subtype. The data support the notion that emphysema alters airway-parenchyma interdependence. A reduction in airway caliber with lung infl ation is frequent, and subjects with this phenomenon have clinical and CT scan features of advanced disease.
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infl ate to a volume that exceeds the linear range of airway distension. Despite there being changes in volume, the subject with lower BMI may paradoxically exhibit lower airway compliance (or distensibility).
Clinical and CT Scan Features of ACs
The present data confi rm the fi ndings of prior studies that demonstrated a paradoxical decrease in airway caliber with lung infl ation 12 and extend those fi ndings by describing the clinical and CT scan features of ACs. As expected, the frequency of ACs increased with the severity of airfl ow obstruction. We also found that compared with their counterparts, ACs were more likely to have lower BMI, lower FEV 1 % predicted, worse exercise capacity, thinner airways, more hyperinfl ation, and more emphysema. These characteristics substantiate the notion that airway constriction is a marker of advanced disease. 12, 29 An explanation of this paradoxical airway behavior is that longitudinal stretching of airways not supported by radial traction is likely to reduce airway caliber with lung infl ation. 12 
Implications
A practical implication of the study fi ndings is that therapy targeting an increase in airway caliber (eg, bronchodilators) may be less effective in subjects with an EP CT scan subtype. This is consistent with prior work by Han et al, 30 who observed diminished bronchodilator response in subjects with greater burdens of emphysema.
Limitations
This study has several limitations. First, although we matched subjects based on center and CT scanner An airway inner diameter was calculated for the 3 rd and the 4 th airway generations of RB1 and RB10 bronchi by averaging the three measures obtained in each segment; lobar volume changes for the RUL and RLL were used to calculate the denominator. Analyses using lobar airway distensibility always were performed with lobar emphysema data of RUL and RLL.
CT examination
Images acquisition parameters by scanner (Tables 1A and 1B) used by the subset of subjects of this study. Data were taken from the COPDGene website (www. copdgene.org).
e- Table 4 Correlation coefficients (r) between lobar airway distensibility and lobar emphysema.
RB1: right upper lobe apical bronchus; RB10: right lower lobe posterior basal bronchus. 
